This paper presents a novel inversion-mode three-terminal varactor with a capacitance ranging from 0.7 pF to 2.3 pF, achieving a +53% variation in the Capacitance. The new device is implemented in a 0.35-pm standard CMOS process. The measured quality factor is 22 at 2 GHz. A 2-GHz VCO is designed with this new varactor and is able to achieve a tuning range of 320 MHz with a maximum tuning gain of 220 MHdV.
Introduction
Being a key block of monolithic transceivers, fully integrated CMOS oscillators are of great interest. Even though exhibiting lower phase noise than the ring oscillators, the integrated LC-tank oscillators have very limited tuning range. Wide tuning range accumulation-mode varactors with a tuning range of about f30% were proposed by R. Castello [ 11 and T. Soorapanth [2] in 1998. In this work, we present a new varactor, namely the gated varactor, which has a wider tuning range than the previous works. When implemented in a 0.35-pm standard CMOS process, the varactor achieved a capacitance ranging of +53% with a nominal capacitance of 1.5 pF. A 2-GHz VCO implemented with the gated varactors has circuit simplicity over recently reported switched tuning VCO [3] .
The Varactor Structure
The cross-sectional view of the varactor is shown in Fig. 1 . The structure of the varactor is similar to a p-channel MOS transistor with the drain replaced by an N+ region. The new varactor is a threeterminal device rather than a two-terminal device as in conventional varactor. The total capacitance is made up by the gate capacitance Cg and the lateral junction capacitance Cpn. The total capacitance measured at the drain can be varied by varying the drain voltage and the gate voltage.
When a positive voltage is applied to the gate and the source is grounded. The total capacitance (CmJ is equal to the gate oxide capacitance plus the draidsource junction capacitance. The Cm, of the gated varactor is larger than the C,, of the accumulation-mode varactor which is essentially the gate oxide capacitance.
When the gate is grounded and a positive voltage is applied at the drain, an inversion layer is formed beneath the gate and the region under the channel is further depleted by the drain due to the subsurface DIBL effect. As a result, the depletion region can extend further than the accumulation-mode varactor and hence achieving a minimum capacitance less than that of the accumulation-mode varactor. The variation of the depletion region with the drain voltage is simulated by MEDIC1 and shown in Fig. 2 .
Measurement Results
The new varactor is implemented in a 0.35-pm CMOS technology. The fabricated varactor consists of 100 segments each of size 5 pm x 1.6 pm. Fig. 3 is a plot of capacitance value versus the biasing voltages. The capacitance of the varactor increases from 0.8 pF to 2.25 pF as the gate/drain voltage varies from 0 V to 2 V. The variation covers 90% of the tuning range. This allows the varactor to be used in low-voltage VCO. Wide tuning range VCO can be achieved without increasing the power supply voltage.
The maximum quality factor of the varactor is measured to be 22 at 2-GHz. The measured quality factor is shown in Fig. 4 .
Circuit Design with the Gated Varactor
A 2-GHz VCO is designed with the new varactor (C, and C,) which is shown in Fig. 5 . In the VCO, the gate bias of the varactors is controlled via Vctrl and the drain of the varactors maintain a positive voltage by Vtune through the biasing circuit. As the control voltage (Vtune) increases, both potentials across the draidsource and draidgate reduce.
Reducing the voltage across the draidsource, the depletion region underneath the channel shrinks, and hence increases the total capacitance. Reducing the voltage across the draidgate, the device is driven from inversion mode to depletion mode and the total capacitance is increased.
Applying different ratio of voltage at the source and the gate can vary the sensitivity of the VCO. In our VCO, the sensitive reaches the maximum when the ratio is 1:l. The resultant tuning characteristic is shown by the dotted line of Fig. 6 . The general tuning characteristic of the VCO at different biasing is shown in Fig. 6 . The VCO is able to achieve a maximum sensitivity of 220 MHzN when Vctrl and Vtune are configured to form a single tuning node.
Conclusions
A novel inversion-mode gated varactor demonstrated a wide tuning range of k53% at 1.5 pF. The implementation of gated varactors to the 2-GHz LC-tank VCO fabricated on 0.35-1m CMOS technology showed a frequency tuning of 320 MHz. Fig. 7 shows the die photo of the VCO which measures 910 pm by 740 pm including the pads. The gated varactor has a compact layout size and can be easily incorporated with available fabrication technology with no extra process steps. 
